Sulfided Co-Mo/Al2O3 catalyst was used to investigate the hydrodesulfurization (HDS) of dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBT) included in hydrotreated light gas oil (H-LGO) of less than 0.168wt% of sulfur-content.
Introduction
The call for deep hydrodesulfurization (HDS) of light gas oil (LGO) has presented a challenge of global scope. To achieve it, novel catalysts must be developed and the reaction mechanisms of deep HDS be further elucidated.
For this purpose, many researchers have performed model reactions to investigate the HDS of sulfur compounds contained in LGO1)-9). However, the kinetics of dibenzothiophenes (DBTs), and in particular that of 4-methyldibenzothiophene (4-MDBT) and that of 4,6-dimethyldibenzothiophene (4,6-DMDBT) in HDS of LGO have received but little attention. Further, the effect of H2S on HDS is important because H2S directly retards the activities of DBTs in HDS. Previously, in our study to elucidate the mechanisms of DBTs in the HDS of LGO, we observed that LGO components such as phenanthrene and acridine retarded the HDS of DBTs10). Moreover, a number of sulfur compounds were included in LGO. The sulfur content was about 1.5wt%, and a large amount of H2S was formed by HDS reactions11). It was therefore difficult to directly investigate the retarding effect of H2S on the HDS of DBTs in LGO in detail. In this study, we investigated the effect of H2S on the HDS of DBT, 4-MDBT, and 4,6-DMDBT included in hydrotreated LGO (H-LGO) containing less than 0.168 wt% sulfur, and we traced the reaction behavior of DBTs under such low sulfur concentration. Reaction rate constants and activation energies were estimated by treating the HDS reaction of these compounds as pseudo-first-order reactions with respect to their concentrations.
Experimental

2.1.
Materials Hydrogen and hydrogen sulfide in hydrogen were obtained from the Tohei Chemical Co., Ltd. An original hydrotreated light gas oil (OH-LGO) and a straightrun light gas oil (SR-LGO) were obtained from the Nippon Ketjen Co., Ltd. DBT was obtained from the Tokyo Kasei Kogyo Co., Ltd. 4-MDBT and 4,6-DMDBT were synthesized according to the methods previously reported12)-14). Organic polysulfides R-Sn-R (CS-40) was obtained from Dainippon Ink and Chemicals, Inc., and it had ligand R=C8 and whose average sulfur chain length was n=4.7 ( LGO and the Properties of LGOs The original hydrotreated light gas oil (OH-LGO) contained 4,6-DMDBT and C3-DBT.
We have previously reported that dibenzothiophenes in straight-run LGO (SR-LGO) can be classified with respect to the HDS of DBT, 4-MDBT, and 4,6-DMDBT7). This indicates that the HDS of these compounds is the key reaction in deep desulfunzation of SR-LGO. Since DBT and 4-MDBT were absent in OH-LGO and the amount of 4,6-DMDBT was less than that of SR-LGO, the arrangement of DBT, 4-MDBT, and 4,6-DMDBT was accomplished by adding these compounds to OH-LGO. In this study, SR-LGO and LGO (H-LGO) prepared and hydrotreated were used, and the properties of these oils are shown in Table 2 . Amounts of saturated fraction and aromatic fractions with several rings were determined by HPLC using silicagel column modified by cyano group (n-heptane/tetrahydrofuran (THF: 0.2vol%)).
Aromatics were monitored by a refractive index detector.
The standard samples for aromatics with 1, 2, 3, and 4 rings were benzene, naphthalene, anthracene and 2,3-benzanthracene, respectively. Figures 1 and 2 show the chromatogram of GC-FPD for sulfur compounds in H-LGO and SR-LGO, which included 0.168wt% and 1.5wt% of total sulfur, respectively. Table 3 shows the sulfur contents of dibenzothiophenes in H-LGO and SR-LGO.
2.3.
Apparatus and Procedure
The reactor was a 20mm-id. stainless steel tube packed with 2.54g of catalyst particles diluted with 12 cc of quartz sand. The catalyst was presulfided with a mixture of 4.95vol% H2S in a stream of H2 under After these pretreatments, the reactor was pressurized with hydrogen. The light gas oil was then supplied by a feed pump (Kyowa Seimitsu KHD-52).
The HDS reactions were conducted under the following condikg/cm2, LHSV of 2-10h-1, and Gas/Oil ratio of 125 Nl/l. Samples were collected in a gas-liquid separator; then, after a change of reaction temperature and a wait of 4-5h, the above procedure was repeated for a second time. The sulfur-containing products were analyzed by a gas chromatography with an FPD detector (Shimadzu GC-14A). LGO. Activation energies for DBT, 4-MDBT, and 4,6-DMDBT were calculated from the slopes of the straight lines, and these results are listed in Table 4 . LGO.
The rate constants of DBT, 4-MDBT, and 4,6-DMDBT in the HDS of H-LGO were 22, 4.1, and 0.91 HDS of SR-LGO formed a greater quantity of H2S than did HDS of H-LGO. In the model reaction, H2S retarded the formation of biphenyls (BPs), rather than the formation of cyclohexylbenzenes (CHBs)15). The selectivity for biphenyl (BP) in the HDS of DBT is 
Effect of H2S on HDS of Dibenzothiophenes
As mentioned above, it is presumed that light gas oil components, particularly H2S, retard the HDS of DBTs.
In the following experiment, we investigated the effect of H2S on the HDS of DBTs in detail.
The experiment was performed under the following conditions:
LHSV 2-4h-1. The light gas oil used was H-LGO. To the feed CS-40 was added. At the point when all of the CS-40 was presumed to be converted to H2S, the concentration of H2S formed by CS-40 conversion was approximately 4.5%, a value similar to that of the H2S concentration evolved during HDS of SR-LGO (4.0% to 6.9% depending on the conversion of sulfur comtemperature lower than that used for HDS. The HDS of each sulfur compound can also be treated as a pseudo-first-order reaction. Figure  5 shows the Arrhenius plots of pseudo-first-order rate constants of DBT, 4-MDBT, and 4,6-DMDBT. Table 4 Further, the adsorption equilibrium constants for 4,6-DMDBT were higher than those for H2S, while the adsorption equilibrium constants for DBT were lower than those for H2S15).
Therefore, the HDS of DBT was strongly retarded by H2S, while that of 4,6-DMDBT was hardly retarded.
These results suggest that the HDS of DBTs was retarded by competitive adsorption with H2S. Further, as mentioned above, H2S retards the formation of BPs, rather than that of CHBs15).
In the HDS of DBT or 4-MDBT, the selectivity for BPs was higher than that in the case of 4,6-DMDBT. Therefore, the HDS of DBT or 4-MDBT was retarded more severely than that of 4,6-DMDBT. The ratio of the rate constants of DBT, smaller than that (24:4.5:1) of H-LGO.
In the presence of H2S, the formation of CHBs has advantages because the formation of BPs is more severely retarded. Further, in the formation of CHBs where an aromatic ring in DBTs is hydrogenated, it was reported that the retarding effects of the substituents were weakened and that conversions of DBTs became very similar6),9). Therefore, the rate-constants ratio for the three compounds may become lower with H2S addition to H-LGO.
In order to investigate the effect of H2S in more detail, a 4.9% H2S/H2 gas mixture was used in place of CS-40. Reaction conditions of HDS were the same as 
